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ABSTRACT: Although screening technology has heavily impacted the fields of metal catalysis and drug discovery, its application to the dis-
covery of new catalyst classes has been limited. The diversity of on- and off-cycle pathways, combined with incomplete mechanistic understand-
ing, means that screens of potential new ligands have thus far been guided by intuitive analysis of metal binding potential. This has resulted in
the discovery of new classes of ligands, but the low hit rates have limited the use of this strategy because large screens require considerable cost
and effort. Here we demonstrate a method to identify promising screening directions via simple, scalable computational and linear regression
tools that leads to a substantial improvement in hit rate, enabling the use of smaller screens to find new ligands. The application of this approach
to a particular example of Ni-catalyzed cross-electrophile coupling of aryl halides with alkyl halides revealed a previously overlooked trend:
reactions with more electron-poor amidine ligands result in higher yield. Focused screens utilizing this trend were more successful than seren-
dipity-based screening and led to the discovery of two new types of ligands, pyridyl oxadiazoles and pyridyl oximes. These ligands are especially
effective for couplings of bromo- and chloro-quinolines and -isoquinolines, where they are now the state of the art. The simplicity of these
models, with parameters derived from metal-free ligand structures, should make this approach scalable and widely accessible.

Introduction catalyzed photoredox decarboxylative arylation (new phthalimide
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Metal-catalyzed reactions play a critical role in modern synthetic ligand/additive).*" Despite these successes, serendipitous discovery

chemistry.! One of the most effective methods to control the can be an inefficient and unreliable approach to implement. To

reactivity of transition-metal catalysts is modulation of the ligand
environment. Due to the high complexity of real chemical systems,
ligand discovery and design is often performed in a trial and error
fashion (Figure 1A).>* For the same reason, applications of
computational techniques to the discovery of new ligand classes are
limited (as opposed to optimization of a known ligand class**),
despite significant advances in the field.*” As a result, design of new
ligands can be an iterative, slow process.”” High-throughput
screening (HTS) technology can mitigate the inefficiency of the trial
and error discovery approach by providing large amount of data

quickly, but it can be resource intensive.'*™"*

We previously reported on a new HT S-enabled ligand discovery
strategy: screening of a pharmaceutical library containing a large
number of densely-functionalized small molecules bearing many
heteroatoms (Figure 1B). This approach provided a means to
identify enabling ligand features and accelerate the discovery of new
ligand core structures. Application of this strategy led to the
discovery of the pyridyl amidine ligand families (PyCam) that have
shown privileged reactivity for nickel-catalyzed reductive cross-
electrophile coupling (XEC)."*""” This approach has been applied by
others towards the nickel-catalyzed XEC of sterically hindered alkyl
electrophiles (new imidazole nitrile ligand class, Boehringer-
Ingelheim) and the Cu-catalyzed Ullman coupling of bulky coupling
partners (new pyrrole alcohol ligand class, AbbVie).'*" Researchers
at Merck and Princeton also applied this strategy toward nickel-

compensate for the expected low hit rate, this strategy heavily relies
upon the testing of large compound libraries. This is a time-intensive
process, sometimes requiring extensive compound re-purification.
Additionally, large compound libraries are not available to the
majority of the synthetic community.
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Figure 1. There are a limited number of commercial N2 ligands and new
ligand discovery is a slow-process (A). The use of pharmaceutical com-
pound libraries avoids synthesis, but the low hit-rate means purification
and screening become limiting (B). This study introduces a computa-
tional guide for ligand selection (C). Ligand count from Strem catalog,
accessed 12/3/2023.



Herein, we describe how the application of relatively simple
correlations to refine empirical ligand selection accelerated the
discovery of two new classes of ligands for nickel-catalyzed cross-
electrophile coupling (Figure 1C). The new oxime ligand class is the
best reported to date for the XEC of pharmaceutically relevant a-
haloquinoline and -isoquinoline electrophiles.

Results and Discussion

Approach. We theorized that qualitative computational
evaluation of reactivity trends could be used to guide the selection of
promising novel ligands without carrying out a detailed
experimental or computational mechanistic investigation.”" Based
on this proposal, we envisioned a following three-step hybrid ligand
discovery approach (Figure 2):

(A) Evaluation of a set of known ligands or utilization of existing
ligand results for a reaction class of interest.

(B) Develop simple trends from the reactions with known
ligands.

(C) Utilize these trends to further filter / prioritize potential
ligands for screening.
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Figure 2. Computationally-guided approach for the discovery of new
ligand cores among compound libraries.

Previous ligand discovery efforts have selected ligands based
upon the perception of potential binding (usually from an
arrangement of heteroatoms capable of bindentate binding to a
metal).">'®"® This step may have also incorporated elements of
explicit rationale, such as the selection of molecules containing a
particular substructure or functionality. Our refined process
introduces an additional layer of refinement in the selection of
promising novel ligands by rating prospective ligands using
computationally-based analysis (Figure 2C). The proposed
calculations consist of rapid assesment of known experimental data
and can quickly reveal ligand features that are critical for the success
of a given reaction. The experimental data required to generate
quantitative reactivity trends is often accessible from published
ligand optimization tables. Alternatively, a preliminary, ‘gauge’
screen can be used to collect the desired data.”* After desired
calculations are performed, ligands can be parametrized™ with
respect to computationally identified interactions. Such
parametrization can be viewed as a special case of more general, non-
biased parametrization.*** By reducing the dimensionality of the
parameter space, this approach provides the opportunity for a rapid
analysis of potential correlations without the need for a large
computational parameter set. The resulting qualitative trends

relating efficiency of the ligand to a small set of parameters can then
be used to prioritize ligand selection for future experiments.

This approach acknowledges the necessity of experimental
discovery techniques and utilizes computations as a supporting
technique to increase the success rate and minimize experimental
cost. Critically, within the described approach, computational
insight is not the sole discovery tool. This deprioritizes the
importance of explicit computational prediction of new reactivity in
complex chemical systems.

Selection of a model system. Nickel-catalyzed XEC has
become an important synthetic tool in the past decade. >*** Despite
these advances, the existing set of validated ligands fail to effectively
couple several important heteroaryl cores, providing no or
synthetically unusable yields.*® Therefore, we decided to use our
proposed approach to identify new ligand classes for C(sp*)-C(sp*)
XEC reactions. We began by reevaluating the experimental dataset
generated in our previous studies on ligand discovery in nickel-
catalyzed XEC." As shown in Figure 3, various PyCam ligands are
significantly more efficient than typical bpy-based ligands in the
coupling of ethyl 3-bromobenzoate and 1-bromo-3-phenyl propane.
This data was used to obtain parametric trends and guide the
selection ligand in additional ligand discovery efforts. There was one
additional advantage to this gauge data set: this challenging coupling
was different from our previous ligand discovery efforts, offering an
increased opportunity to find new ligands.”
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Figure 3. Model cross-electrophile coupling reaction used for mecha-
nistic analysis. Average assay yields (AY, %) are provided for each class

of ligand. '

Identification of reactivity trends. Comparative analysis of
key transition states commonly proposed for cross-electrophile

383 __ radical addition to Ni(II) and reductive elimination

couplings
from Ni(Ill)—revealed significant structural similarities between
bpy and PyCam-ligated Ni systems (see Supporting Information).
This led to us to propose that a difference in reactivity between
PyCam and bpy-based systems may be largely due to electronic

effects rather than changes in transition state geometries.

Based on this hypothesis, we parameterized PyCam ligands
using atomic charges of the coordinating nitrogen atoms (Figure 4).
For this analysis we considered free’, uncoordinated ligands in their
lowest energy conformations. For the pyridyl and amidine nitrogen
atoms we computed Mulliken, Atomic Polar Tensor (APT), Merz-
Singh-Kollman electrostatic potential (MK ESP), Hirshfeld, CM$
and natural population (NPA) atomic charges. Visual inspection of
the resulting trends between charges and assay yields (AY) indicated
that Mulliken charges were an effective metric of catalyst efficiency
(Figure 4 shows performance of model). For a selection of PyCam
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ligands we identified a bilinear regression using Mulliken charges on

non-pyridine and pyridine fragments (see Figure 4, SI for details):
AY = 78.66 Nyopn_py + 296.20 Np,, + 79.20 (1)

This trend suggests that more electron-poor amidine ligands (as
indicated by a Mulliken charge) perform better in the reaction.
Although we recognize that this trend may not be general and
Mulliken charges have limitations, the development of this model
required only a fraction of the time required for more rigorus
computational approaches.
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Figure 4. List of the ligands used as a training set (T') and a performance
of the bilinear Mulliken charge model (eq 1) identified using this set.

Application of the identified trend. To test our model, we
compared a series of ligand sets that were evaluated in the coupling
of interest. To provide a relevant control, we first constructed a set
of 32 small molecules (set A, not shown, see SI) that were used in
our original work on PyCam ligands."'® We then designed a set (set
B, Figure S) consisting of ligands selected according to their
commercial availability and perceived structural similarity to the
better-performing PyCam family of ligands. We emperically biased
our ligand selection towards more electron-poor systems, as
suggested by the model (eq 1). In order to interrogate the quality of
our model (eq 1), we divided set B into two equally sized subsets
based on each ligand’s predicted AY: ligands with high (subset D)
and low (subset C) predicted yield (Figure S). Set D is a final
product of a proposed combined model-driven empirical ligand
search.

The results of evaluating each ligand in the model reaction are
presented as assay yield distributions by ligand set (Figure 6). One
of the observations that can be made from the analysis of presented
distributions is a relative position of both mean and median yields
for described ligand sets. Despite containing one high-yielding
example, the low median and mean assay yield provided by set A

demonstrates the low hit-rate (generally a “hit” is understood as a
case of any desirable experimental outcome, in our particular case —
ayield above some threshold) of empirical ligand selection. In fact,
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Figure S. New ligand set B chosen intuitively using trend derived
from the set T. Set B divided in half based upon calculations into
predicted higher-performing (D, 8 members) and lower-performing
(C, 8 members) sets. Assay yields are provided.
CO,Et BI’/\/\Ph
Br 5 mol% NiCly(dme), 5 mol% L

L15 (C) 14.9%

Gl L
—
N]\WNHZ N‘N/ N}
|
N-oH N=

L16 (C) 17.9%

CO,Et

Ph
25 mol% Nal, 2 eqiuv Zn,
0.1 equiv TFA, DMA, 60 °C, 24h

[1setA []setB subset C [] subset D

50
45
40
35 -
30 -

25 4

20 +

assay yield, %

15 4

no L

=3
T

k% oo |o xol—o—o—|

Figure 6. Distributions of assay yields for the depicted reaction for four
specified ligand sets. Mean yield markers (x) provided for every distri-
bution. Medians are denoted by a bar and are inclusive. The red line
across the graph defines a control, assay yield without a ligand (12.3%).
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the median yield provided by set A is lower than a reaction run
without a ligand. In contrast, set B—which was selected empirically
based on the intial model—provided a higher median and mean
yield, as well as a tighter distribution of yields. Notably, nearly any
ligand from sets B-D provides higher yield than the ligandless
control. These results demonstrate the advantage to generating an
intial reactivity trend and using it to inform ligand selection.

The distribution of yields for subsets C and D demonstrate the
benefits of an additional level of refinement in the empirically
conceived ligand set. The proposed model (eq 1) dissects the set B
in a qualitatively correct manner, despite its simplicity. Thus, the set
comprised of ligands predicted to provide lower yield does have a
lower mean and median yield relative to a parent set B. Similarly,
ligands that were predicted to provide higher reactivity, do provide
higher mean and median yields. Addition of a quantitative factor in
the empirical library design process had a net positive effect, shifting
yield distribution towards higher values. The difference between
yield distributions observed for sets D and A highlights the efficiency
of this combined ligand discovery approach relative to a
conventional non-directed screening. For set D, mean and median
yields are almost double those in set A, with a higher overall hit-rate.

New Ligands. Having interrogated the general yield
distribution characteristics of sets A-D, we further investigated the
constituents of set B. We evaluated ligands L1-16 in the XEC of a
variety of (hetero)aryl bromides (S1-S9). Their performance
compared to a selection of PyCam ligands (E1-E7) is reported in
Figure 7. While generally high performing, the two best new ligands,
LS and L6 (members of the subset D), were relatively inefficient in

coupling substrates that do not have ortho-coordinating groups (S5
and 87). This bias is consistent with the test reaction chosen and
highlights the importance of the reaction used to search for ligands.
We have previously found “cryptic ligands” that are general, but only
for substrate combinations less commonly employed in academia.”
As the ortho-coordination group of the substrate is changed from the
original case (S2 to $3) and then disappears altogether (to S§ and
$7), the performance of LS and L6 decreases. However, LS and L6
demonstrated promising reactivity in coupling of pharmaceutically-
relevant pyrazole $6, quinoline 88, and benzimidazole S9 cores. In
all three cases, ligands LS and L6 perform similarly to or even
outperform the best PyCam ligands (E1 and E2).

These promising results prompted further exploration of
variants of L6 (that we refer to as PyOximes) in couplings of various
a-haloazines (Figure 8, $8-S12). We focused on ligand L6 instead
of LS for ease of access to derivatives. We compared the reactivity of
these new ligands (PyOxime-1 to PyOxime-7) against multiple
controls (E1 and E2, and bpy-based ligands). For every reaction
tested, the pyridine-oxime ligands outperformed the control ligands
(Figure 8). We also investigated PyOximes 2-7 to determine what
structural features are critical to the observed reactivity. First, a free
hydroxy group is not a critical functionality (PyOxime-7 performs
well). Second, steric effects may be important: tert-butyl substituted
ligand PyOxime-S performed worse than PyOxime-4 and
PyOximes-6. Finally, it appears that more electron rich PyOximes
are not as efficient as corresponding electron-poor analogues
(compare PyOxime-3 to PyOximes-1 and -2), consistent with the
initially observed relation (vide supra).
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Figure 7. High-throughput exploration of ligand and substrate spaces. Reactions performed on 20 pmol scale, in duplicates. Average product-to-
standard (P/S) ratios are provided for each ligand-substrate combination. Each row is independently color-coded, with darker shades of green in-

dicating higher P/S ratio.



(B) HTS testing of novel ligand framework
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Figure 8. High-throughput exploration of ligand and substrate spaces. Reactions performed on 20 pmol scale, in duplicates. Average product-to-stand-
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We then analyzed absolute ligand performance for couplings of
quinoline and isoquinoline electrophiles (Figure 9) on a typical
synthetic scale (100 mg). In all four cases, pyridine-oxime ligands
outperformed the best PyCam ligands, with synthetically useful
yields obtained for important quinoline and isoquinoline substrates.
Pyridyl oxadiazole ligand LS performed better than E2 with
isoquinolines, but was not as uniformly superior in this substrate
class. To the best of our knowledge, these are some of the highest
yields for C(sp?)-C(sp*) XEC reactions reported for 2-halo azines
under similar conditions. We could find only a single example of the
coupling of S8 with an alkyl N-hydroxyphthalimide ester using 20
mol% nickel and no examples of couplings with $10-S12.*-*
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Figure 9. Assay yields observed with pyridine-oxime and PyCam-based
catalytic systems in couplings of various electrophiles. Assay yields were
determined using UPLC against 2,2’-dimethylbiphenyl as internal
standard. Yields labeled with asterisk were obtained using S mol% Ni.

Mechanistic Study. To the best of our knowledge, L6 has never
been used as a ligand in Ni-catalyzed XEC. Naturally, the question
of the origin of the impressive performance of the L6-based catalysts
arose. Given the prevalence of imine and amidine ligands, we were
interested in establishing whether the N-O bond is stable under
reaction conditions. Additionally, we wanted to understand if the
reactivity in L6-based systems can be attributed to a specific portion
of a catalytic cycle.

While pyridine oximes have not been utilized in XEC chemistry,
their coordination chemistry has been extensively studied.”*
Complexes of Co(II) /Co(I1I),* Rh(III) and Ir(II1)*, Cu(II)*" have
been described, as well as a variety of Ni complexes.** In all of these
complexes, the N-O bond of the oxime moiety remains intact, and
the ligand typically binds to the transition metal via both available
nitrogen atoms. Oxidative addition of the oxime N-O bond takes
place only with very electron rich metal centers and activated
oximes.*>* There is evidence to suggest that even phosphine-
supported Ni(0) is not a strong enough reductant to readily cleave
N-0 bonds in unactivated aldoximes.** Similarly, free ketoximes do
not undergo N-O cleavage, even under harsh reaction conditions.”
In agreement with these reports, our control experiments
demonstrated complete stability of the oxime in the presence of
Ni(I) and only partial ligand decomposition under forcing
conditions with Ni(0) (See SI). On the basis of these results, we
theorize that the efficiency of L6 can be mainly attributed to
traditional N,N-bound complexes.

Our initial computational investigation did not find large
differences in the calculated barriers for oxidative addition, radical
association, and reductive elimination steps for bpy and L6 systems
(see SI). Therefore, we expect that the relative efficiency of L6 can
be attributed to facile post-reductive elimination regeneration of the
active Ni catalyst and/or supression of undesired reactions that we
did not study in detail (e.g, aryl dimerization). Indeed, the
computed relative redox potentials indicate that reduction of
(L)NiBr: to (L)Ni, and oxidation of (L)NiBr to (L)NiBr; are more
favorable for the PyOxime than for the bpy-supported Ni (see SI for
details). Additionally, calculations suggest that oxidative addition of
Ar-Br to (L)NiAr to form (L)NiAr:Br is less favorable for the
PyOxime-ligated complex compared to the bpy analogue, which
aryl In general,
computationally assesed redox behavior of the oxime-supported Ni

could minimize undesired dimerization.

complex is in line with the nature of the identified statistical model
(eq 1): PyOxime-bound complexes are more electron-poor then

bpy complexes.

Conclusions



These results demonstrate that even simple computational
models can increase the efficiency of ligand discovery from large
libraries of compounds compared to undirected screening. The
lower cost of this combined method (involving relatively simple
computations and smaller ligand screens) increases accessibility.
Our application of this approach to nickel-catalyzed cross-
electrophile coupling demonstrates the promise of this approach by
finding two new classes of ligands. The newly discovered ligands,
particularly PyOximes, show promising performance in the XEC of
2-halo heterocyclic electrophiles. At Pfizer, PyOximes have
demonstrated performance superior to all other tested ligands in
couplings of haloazines on multiple occasions. Further studies on
ligands LS and L6, as well as the development of a more general
understanding of nitrogen-based ligand reactivity will be reported in
due course.
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